We analyze the structural and magnetic characteristics of (111)-oriented lutetium iron garnet (Lu 3 Fe 5 O 12 ) films grown by molecular-beam epitaxy, for films as thin as 2.8 nm. Thickness-dependent measurements of the in-and out-of-plane ferromagnetic resonance allow us to quantify the effects of two-magnon scattering, along with the surface anisotropy and the saturation magnetization. We achieve effective damping coefficients of 11.1(9) × 10 −4 for 5.3 nm films and 32(3) × 10 −4 for 2.8 nm films, among the lowest values reported to date for any insulating ferrimagnetic sample of comparable thickness. We report in-and out-of-plane ferromagnetic resonance measurements as a function of film thickness, demonstrating reduced two-magnon scattering compared to previous work. We achieve effective damping coefficients as low as 11.1(9) × 10 −4 for 5.3 nm LuIG films and 32(3) × 10 −4 for 2.8 nm films, which can be compared to the best previous report for very thin YIG, 38 × 10 −4 for a 4 nm film.
Insulating ferrimagnets are of interest for spintronic applications because they can possess very small damping parameters, as low as 10 −5 in the bulk. 1 They also provide the potential for improving the efficiency of magnetic manipulation using spin-orbit torques from heavy metals 2,3 and topological insulators, 4,5 because ferrimagnetic insulators will not shunt an applied charge current away from the material generating the spin-orbit torque. Making practical devices from ferrimagnetic insulators will require techniques capable of growing very thin films (a few tens of nm and below) while maintaining low damping. Much of the previous research in this field has focused on yttrium iron garnet (Y 3 Fe 5 O 12 , YIG) grown by pulsed-laser deposition or off-axis sputtering, 6-10 but YIG is just one in a family of rare earth iron garnets with potentially useful properties. 11 Here we examine the magnetic and structural properties of thin, (111)-oriented films of lutetium iron garnet (Lu 3 Fe 5 O 12 , LuIG)
grown by an alternative method, molecular-beam epitaxy (MBE). 12 We find that MBE is capable of providing sub-10-nm films with very low values of damping, rivaling or surpassing other deposition techniques. We are able to grow LuIG films down to 2.8 nm, or 4 layers along the interplanar spacing d 111 (0.71 nm), 11, 13 while retaining high crystalline quality.
We report in-and out-of-plane ferromagnetic resonance measurements as a function of film thickness, demonstrating reduced two-magnon scattering compared to previous work. We achieve effective damping coefficients as low as 11.1(9) × 10 −4 for 5.3 nm LuIG films and 32(3) × 10 −4 for 2.8 nm films, which can be compared to the best previous report for very thin YIG, 38 × 10 −4 for a 4 nm film.
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As an iron garnet, LuIG has ferrimagnetic properties similar to YIG. The magnetic moments in both materials arise from their Fe 3+ ions, which interact via super-exchange through oxygen atoms. We quantify the strain state and verify the crystalline quality with four-circle X-ray diffraction (XRD) measurements. The normalized rocking curves for films with different thicknesses (except the 2.8 nm film), overlaid in Fig. 2(a) , all have full-width at halfmaximum (FWHM) values that are less than 0.004°, limited by the GGG substrate. This indicates that our films are commensurately strained, and are at the maximal strain state of 0.81% set by the lattice mismatch with the substrate. While the rocking curve measurements on the 2.8 nm film lack sufficient signal-to-noise for analysis, the thicker films suggest that the strain state is also commensurate for this film. The surfaces of the films are characterized by atomic force microscopy. shifts to higher fields and (ii) the linewidth increases substantially. Below we show that both of these effects can be explained by two-magnon scattering. [33] [34] [35] We focus first on the behavior of the resonance fields. We have measured the IP-FMR resonances for each film thickness at frequencies from 1 to 10 GHz. The evolution as a function of frequency is shown in Fig. 3(a) and as a function of thickness in Fig. 3(b) .
In the presence of two-magnon scattering, the IP resonance field H r predicted by the Kittel equation in the thin-film limit takes the form 33,36
with f the excitation frequency, t the film thickness, ∆H r a renormalization shift associated with two-magnon scattering, and γ the gyromagnetic ratio. We measured |γ|/2π = 2.77 (2) MHz/Oe based on the frequency dependence of the OOP resonance field H ⊥ r (see SI). The effective anisotropy field 4πM eff is expected to depend on the film thickness, because it contains contributions from both bulk demagnetization and surface anisotropy:
Here M s is the saturation magnetization and K s is the surface anisotropy energy. The renormalization shift produced by two-magnon scattering can be related to the surface anisotropy as 33,36
where r is a parameter characterizing the strength of two-magnon scattering.
We performed a global least-squares fit of Eqs. (1)- (3) to all the data in Fig. 3 using three fitting parameters r, 4πM s , and K s . As shown by the lines in Fig. 3 , we find excellent fits assuming that all three parameters are independent of film thickness, obtaining the values r = 4.9(2) × 10 −4 Oe −1 , 4πM s = 1609(1) Oe, and K s = −8.52(8) × 10 −3 erg/cm 2 . We also attempted to fit the data without the two-magnon contribution (i.e., with the constraint r = 0 Oe −1 ), but we found significant discrepancies for the 2.8 film, especially at low frequencies (see SI). The non-zero value of r implies that the two-magnon mechanism is active. For our 2.8 nm film, the renormalization shift is ∆H r = 110 Oe, similar to that found in a 2.7 nm NiFe film. 36 This is the first report of the renormalization shift in iron garnets. The value of 4πM s determined by the fit is significantly lower than the bulk LuIG value of 1815 Oe.
15
This reduction is qualitatively consistent with the tensile strain in our films from the GGG substrate. The tensile strain is expected to enhance the antiferromagnetic super-exchange interaction between the two inequivalent Fe 3+ lattices in the LuIG and therefore reduces the overall saturation magnetization. 11, 14 The negative sign that we find for K s indicates that the surface anisotropy reduces the effective demagnetization field 4πM eff compared to the bulk value. The magnitude of K s is relatively weak, however (e.g., more than two orders of magnitude smaller than K s for annealed CoFeB). 37 With our values for 4πM s and K s , only for extremely thin LuIG films, < 0.8 nm, might the magnetic anisotropy be turned perpendicular to the sample plane. For any thickness above this, 4πM eff favors in-plane magnetization. 
we can define an effective Gilbert damping parameter, α, for each value of film thickness based on linear fits to the data below 8 GHz (Fig. 4(b) ). The line shown in Fig. 4(b) is a fit to a phenomenological form
with α G = 0.9(6) × 10 −4 , Aα 2M = 125(45) × 10 −4 nm 2 , and Bα 2M = 36(11) × 10 −4 nm.
Our damping values are among the best reported for any garnet film, and for the first time extend the viable thickness of low-damping thin films well below 10 nm. We measure α = 11.1(9) × 10 −4 for 5.3 nm LuIG films and 32(3) × 10 −4 for 2.8 nm films. We speculate that our MBE growth procedure minimizes the amount of surface roughness and other defects even for very thin LuIG films, compared to other deposition techniques, and thereby provides a reduced level of two-magnon scattering. Similar MBE growth procedures may also allow the production of sub-10-nm films made from YIG and other garnets, assisting in the development of a wide variety of spintronic devices incorporating these materials. 
